INTRODUCTION
Ferritin, a ubiquitous iron-binding protein, stores iron in a bioavailable and nontoxic form in all living organisms, from microorganisms to mammals (Theil, 1987; Harrison and Arosio, 1996) . The 24-mer globular protein comprises H (heart or heavy) and L (liver or light) subunits with molecular masses of 21 and 19 kDa, respectively (Theil, 1987; Andrews et al., 1992; Harrison and Arosio, 1996) . The H and L subunits have 50 to 60% amino acid identity and are each highly conserved within various species (H: 88-99%; L: 78-92%) but differ in functional and immunological properties (Luzzago et al., 1986; Andrews et al., 1992; Harrison and Arosio, 1996; Orino and Watanabe, 2008) . The H subunit has a perfectly conserved ferroxidase domain, which is essential for iron uptake, whereas the L subunit lacks ferroxidase but uses iron nucleation on its inner surface within the ferritin molecule to incorporate iron in cooperation with H subunit (Theil, 1987; Harrison and Arosio, 1996; Orino et al., 2004; Orino and Watanabe, 2008) .
The differences in function and immunological properties are likely to have an evolutionary origin. Avian species are known to express only an H subunit (Gonzalez del Barrio and Martin Mateo, 1983; Santos Benito and Martin Mateo, 1983; Stevens et al., 1987; Passaniti and Roth, 1989) and lack the L subunit completely (Stevens et al., 1987; Passaniti and Roth, 1989) . The lethality of H subunit gene deletion in early mouse embryos as a result of the lack of ferroxidase, which is essential to the incorporation of iron (Ferreira et al., 2000) , further suggests that the H subunit is an ancestral protein. The H and L subunit genes likely diverged around 200 million years ago, concurrent with the divergence of birds and mammals (Boyd et al., 1985) .
Ferritin has been purified from many birds, including chickens (Gonzalez del Barrio and Martin Mateo, 1983; Santos Benito and Martin Mateo, 1983; Passaniti and Roth, 1989; Mete et al., 2001 Mete et al., , 2005 , turkeys (Kanner and Doll, 1991) , ducks (Díez et al., 1985) , turtledoves (Mete et al., 2001 (Mete et al., , 2005 , and mynahs (Mete et al., 2001 (Mete et al., , 2005 . The gene regulation of bird ferritin appears to be posttranslationally controlled through an iron responsive element (IRE), which is located in the 5′ noncoding region and is highly conserved among chickens and mammals (Stevens et al., 1987 action of IRE and IRE-binding proteins (Stevens et al., 1987; Mete et al., 2001 Mete et al., , 2003 Mete et al., , 2005 . Chicken corneal nuclear ferritin has been reported to protect oxidative stress to cause reactive oxygen species (ROS)-mediated DNA damage (Cai et al., 1998) . At present, whether ferritin expression is transcriptionally driven by antioxidant responsive element as in mammal ferritin (Tsuji et al., 2000) remains to be elucidated. However, the functional analysis of bird ferritin has not been elucidated in more detail. Recently, we observed heme binding in chicken liver ferritin as well as in mammalian ferritin (Nakai et al., 2011) , although the physiological role in the binding of ferritin with heme remains to be clarified. Heme and hemin are hydrophobic and cause oxidative stress upon penetration of the cell membrane (Sassa, 2004) . In fact, hemin induces ferritin through antioxidant responsive element by the same mechanism as ROS-mediated oxidative stress (Iwasaki et al., 2006) . In this study, chicken ferritin was purified from chicken liver and structural and functional analyses of chicken liver ferritin were performed.
MATERIALS AND METHODS

Chemicals
Horse spleen ferritin, hemin (ferriprotoporphyrin IX chloride), and HEPES were purchased from Sigma (St. Louis, MO). Protoporphyrin IX (PPIX) and Zn-PPIX were from Frontier Scientific Inc. (Logan, UT). NeutrAvidin with conjugated alkaline phosphatase (ALP), EX-Link biotin-PEO 2 -amine, 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride, and Coomassie Plus-The Better Bradford Assay kit were from Thermo Scientific (Waltham, MA). Immuno Plate Maxisorp F96 and assay microplates for protein assay were from Nunc (Roskilde, Denmark) and Iwaki Brand (Funabashi, Chiba, Japan), respectively. The BSA was from Roche Diagnostics (Indianapolis, IN).
Ferritin and Apoferritin Preparation
Horse spleen ferritin monomers were purified from commercial horse spleen ferritin as described previously (Orino et al., 1993) . Horse spleen and heart ferritin monomers and bovine spleen ferritin monomers were purified from subsections of frozen horse spleen and heart and bovine spleen, respectively, as described previously (Orino et al., 1997) . Chicken livers were collected from fully grown chickens at a slaughter house, pooled, and frozen at −20°C until use. Chicken liver ferritin monomers were also purified from portions of frozen, pooled livers according to the method described previously with minor modification (Orino et al., 1997) . Briefly, frozen livers were thawed slightly, homogenized, and heat treated for 10 min at 60°C, which is a lower temperature than the usual heat treatment (75°C, 10 min). After cooling, the homogenate was centrifuged at 20,000 × g for 20 min to remove heat-denatured proteins and the obtained supernatant was subjected to acid treatment (pH 4.8) with 2 M acetic acid for 4 h and centrifuged at 20,000 × g for 20 min to remove acid precipitates. The obtained clear supernatant was subjected to salting out, ultracentrifugation, and gel filtration on Sepharose CL-6B (GE Healthcare, Uppsala, Sweden). Pooled ferritin fractions were used as purified ferritin samples. Chicken liver and bovine spleen apoferritins were prepared by dialysis of holoferritins with 100 mM thioglycolic acid in 100 mM acetate buffer (pH 5.5), followed by PBS (150 mM NaCl, 20 mM sodium phosphate, pH 7.2) or 100 mM HEPES buffer (pH 7.0). Recombinant bovine H homopolymer was obtained by expression of bovine ferritin H subunit cDNA using a baculovirus expression system with Spodoptera frugiperda as described previously (Orino et al., 2004) .
Protein and Iron Determination
Protein concentrations were determined by the Coomassie Plus-The Better Bradford Assay kit using BSA as the standard according to the microplate protocol. Ferritin iron concentration was spectrophotometrically measured with ferrozine reagent as an iron indicator according to Abe et al. (2006) .
SDS-PAGE and Native PAGE
The SDS-PAGE was carried out according to the method of Schägger and von Jagow (1987) using a 4.5% stacking gel and a 10% running gel. Native PAGE was performed using a 5% slab gel and the buffer system of Davis (1964) . Protein bands separated by each PAGE were stained with Coomassie Brilliant Blue R250, and a densitometry scan was conducted at 565 nm using a Flying Spot Scanner (CS9000, Shimadzu Corp., Kyoto, Japan). Ferritin iron was stained with Prussian blue.
Biotinylated Hemin
A solution of hemin was freshly prepared by dissolving 5 mg of hemin in a minimum amount of 0.1 M NaOH. Hemin was biotinylated according to the manufacturer's instructions with soluble EZ-link biotin-PEO 2 -amine at a molar ratio of EZ-link biotin-PEO 2 -amine to hemin of 20:1 with 1-ethyl-3- [3-dimethylaminopropyl] carbodiimide hydrochloride as the cross-linking reagent as described previously (Seki et al., 2008) . The hemin concentration was determined using its molar extinction coefficient at 385 nm (ε 385 nm = 58,400 M −1 •cm −1 ; Juang et al., 1997) .
Ferritin Iron Uptake
Iron uptake was analyzed by incubating 0.1 µM ferritin samples in 100 mM HEPES (pH 7.0) with 0.1 mM ferrous ammonium sulfate. Absorbance at 310 nm was measured at 30°C in a Hitachi U-2010 spectrophotometer (Hitachi, Tokyo, Japan) at 30-s intervals for 3 min. The initial iron uptake rate was determined by the maximum increase in absorbance within the first 60 s of the reaction and the amount of oxidized iron was calculated using the molar extinction coefficient for the iron oxide hydrate product of 2,475 M −1 •cm −1 (Orino et al., 2004) .
Binding of Ferritin with Biotinylated Hemin
Subsections (0.5 µg) of chicken liver ferritin and its apoferritin and bovine spleen ferritin and its apoferritin were dissolved in 1 mL of PBS, and 100 µL of each sample was aliquoted to wells of a Maxisorp F96 microtiter plate and incubated overnight at 4°C. The ferritin-coated plate was washed with PBS containing 0.5% Tween-20 (PBST) and then masked with ELISA buffer (PBS containing 0.1% Tween-20 and 0.1% gelatin) for 1 h at room temperature. After washing with PBST, 100-µL aliquots of PBS containing biotinylated hemin (20 nM) were added to each well of the plate, the plate was incubated at 37°C for 2 h, and the plate was washed again with PBST. An ELISA buffer (100 µL) containing ALP-conjugated NeutrAvidin at a concentration of 1 µg/mL was added to each well of the plate, and the plate was incubated at 37°C for 1 h followed by washing with PBST and ALP enzyme detection using p-nitrophenyl phosphate as described previously (Orino et al., 1993) . For the inhibition test, hemin was added at 1 µM to 20 nM biotinylated hemin in PBS (pH 7.2) to give a final concentration of 5.4 µM in concentrated NaOH. The PPIX and Zn-PPIX were added at 1 µM to 20 nM biotinylated hemin solution to give a final concentration of 3.6 µM in concentrated HCl and 12.7 µM in concentrated NaOH.
Statistical Analysis
All data are expressed as the means ± SD of 4 measurements. Multiple comparisons were analyzed by 1-way ANOVA followed by Tukey's test. A P-value below 0.01 was considered statistically significant.
RESULTS
The SDS analysis of purified chicken liver ferritin showed that only an H subunit with molecular mass of 21.2 kDa was present, corroborating the findings of a previous report (Nakai et al., 2011 ; Figure 1A ). The chicken liver ferritin had 14.8 µg of Fe/100 µg of protein. Chicken liver holo-and apoferritins showed identical migration and patterns with Coomassie Blue on native PAGE (Figure 1B) , although the holoferritin showed the same migration as the protein band stained with Prussian blue, but the apoferritin was not stained with Prussian blue ( Figure 1C) . Bovine H subunit homopolymer, which is expressed by baculovirus expression system, contained little iron (<0.4 µg of Fe/100 µg of protein) as described previously (Orino et al., 2004) . The iron uptake rate of chicken H subunit apo homopolymer (0.31 mmol of Fe/ min per micromole of protein) was similar to that of the expressed bovine H subunit homopolymer (0.28 mmol of Fe/min per micromole of protein), although the iron uptake rate (0.27 mmol of Fe/min per micromole of protein) of the chicken ferritin was higher than that of the H subunit homopolymer (0.19 mmol of Fe/min per micromole of protein) within the first 30 s of the reaction (Figure 2 ). Iron oxidation potential of chicken H subunit homopolymer was similar to the bovine H subunit homopolymer after 3 min.
Biotinylated hemin was used to detect hemin-binding activity (Seki et al., 2008) . The biotinylated hemin- Figure 1 . The SDS-PAGE of purified chicken liver ferritin and native PAGE of liver ferritin and its apoferritin. Chicken liver ferritin was applied to 10% SDS-PAGE (A; lane 1, 1 µg/lane), and the liver ferritin (lane 1) was applied with its apoferritin (lane 2; 4 µg each) to 5% disc PAGE for protein (B) and iron (C) staining. In part A, M represents molecular marker proteins (2 µg each).
Figure 2.
Iron uptake of chicken liver apoferritin (•) and expressed bovine H subunit homopolymer (■). Ferritin (0.1 µM) in 100 mM HEPES at pH 7.0 was incubated with 0.1 mM ferrous ammonium sulfate at 30°C, and absorbance at 310 nm (A 310 nm ) was measured at 30-s intervals for 3 min. Buffer alone (▲) was a control for autooxidation.
binding activities in the presence of each pH control reagent alone were almost identical (data not shown), suggesting that reagents used to dissolve hemin, PPIX, or Zn-PPIX do not affect the binding activity of ferritin with biotinylated hemin. The biotinylated heminbinding activity of chicken liver ferritin was remarkably high compared with that of bovine spleen ferritin, which showed the highest biotinylated hemin binding among the mammalian ferritins (Nakai et al., 2011) . However, the biotinylated hemin-binding activity of ferritins may be dependent on heme (likely hemin) content on the surface of ferritin molecule. In this study, chicken liver apoferritins and bovine spleen apoferritins were prepared with a reducing reagent for iron removal and to simultaneously release hemin from the ferritin surface (Seki et al., 2008) . The preparation of apoferritins resulted in a significant increase in the biotinylated hemin-binding activity in both chicken liver and bovine spleen ferritins compared with the corresponding holoferritin. In addition, chicken liver apoferritin showed remarkably higher biotinylated hemin-binding activity than did bovine spleen apoferritin (Figure 3 ). The binding of chicken liver holo-and apoferritins with biotinylated hemin was strongly inhibited by hemin but not by the iron-free hemin, PPIX, and Zn-PPIX (Figure 4 ).
DISCUSSION
Ferritin is purified from tissue by heat treatment, taking advantage of the high heat stability of ferritin (Orino et al., 1997) . In this study, purification from chicken liver homogenate was conducted at milder conditions (60°C, 10 min) than usual (75°C, 10 min) because there is no L subunit salt bridge formation conferring greater physicochemical stability (Santambrogio et al., 1992; Harrison and Arosio, 1996; Orino and Watanabe, 2008) . We recommend lower temperature heat treatment for higher yield of ferritin. The SDS-PAGE analyses of purified chicken liver ferritin demonstrated that chicken liver ferritin had only an H subunit, which is in agreement with previous results (Passaniti and Roth, 1989) . The elution pattern of chicken liver ferritin on Sepharose CL-6B was similar to that of other mammalian ferritins (data not shown), indicating that chicken liver ferritin is a 24-mer, as are mammalian ferritins. The similar mobility and pattern for chicken liver ferritin and its apoferritin on native PAGE suggests that the use of reducing reagent (thioglycolic acid) for preparation of the apoferritin does not affect ferritin structure. Additionally, chicken liver ferritin H subunit homopolymer kept iron within the ferritin molecule by a Prussian blue stain. The iron content and specific extinction coefficient (E 280nm 0.1%,1cm ) of the chicken liver ferritin samples were 14.8 µg of Fe/100 µg of protein and 10.6, respectively. Although iron content of chicken liver ferritin was lower than the iron content of rat liver ferritin (21.0 µg of Fe/100 µg of protein; Bomford et al., 1981) , further study using samples from individual chickens is needed to examine the iron content of liver ferritin.
The chicken liver apoferritin had no iron as shown in Figure 1C . Bovine H subunit homopolymer expressed by the baculovirus expression system contained little iron (<0.4 µg of Fe/100 µg of protein) as described previously (Orino et al., 2004) . The iron uptake rate of chicken liver apoferritin (0.31 mmol of Fe/min per micromole of protein) was similar to that for expressed bovine H subunit homopolymer (0.28 mmol of Fe/min per micromole of protein). Although the chicken liver apoferritin showed a higher iron uptake rate than the H subunit homopolymer within the first 30 s, identical absorbance was observed after 3 min and almost identical amounts of iron were oxidized in both ferritins at the end of the reaction. Remarkably high amino acid sequence homologies (90-92%) exist between chicken and mammalian ferritin H subunits, and 7 amino acids associated with the ferroxidase center (Glu27, Tyr34, Glu61, Glu62, His65, Glu107, and Gln141) are perfectly conserved in the chicken ferritin H as in the mammalian ferritin H subunits (Stevens et al., 1987; Andrews et al., 1992) . Mammalian ferritin shows 2 pathways of iron incorporation: iron uptake by intrinsic H subunit ferroxidase and iron-core catalyzed iron oxidation (Orino et al., 2004) . The latter as second stage requires adjustment of the microenvironment for iron Figure 3 . Binding of chicken liver holo-and apoferritins and bovine spleen holo-and apoferritins to biotinylated hemin. Both holoferritins (open bar = bovine spleen; closed bar = chicken liver) and apoferritins (dotted bar = bovine spleen; shaded bar = chicken liver) were coated on the wells of microtiter plates (0.1 pmol/well). The ferritin-coated plates were incubated with biotinylated hemin (2 pmol/well) followed by detection with alkaline phosphatase-labeled avidin (0.1 µg/well). Each value is the mean ± SD of 4 determinations. Asterisk indicates P < 0.01 for holo-and apoferritins between each species. Bars marked with different letters (capital or lowercase) are significantly different (P < 0.01) for intraspecific comparisons between holo-and apoferritin.
core formation within the ferritin molecule in cooperation with the L subunit after iron is taken up by the H subunit. Additionally, the L subunit contributes to the physicochemical stability of the ferritin molecule as a result of salt bridge formation, resulting in the loss of ferroxidase (Santambrogio et al., 1992; Harrison and Arosio, 1996; Orino and Watanabe, 2008) . The H subunit is involved in the early stage of iron uptake by its ferroxidase (Orino et al., 2004) . Although chicken and bovine ferritin H subunit homopolymers had the same ability to incorporate and store iron, chicken ferritin H subunit homopolymer may release iron faster than bovine H subunit homopolymer by lack of L subunit. However, to elucidate the evolutionary importance of interspecific differences in the presence or absence of L subunit in mammalian and bird ferritins, further research is needed.
Biotinylated hemin can be used for detection and purification of hemoprotein (Ishida et al., 2003) . Horse spleen apoferritin, and likely all mammalian ferritins, binds not only iron but also heme, as does bacterial ferritin Moore, 1990a,b, 1992; Précigoux et al., 1994) . Crichton et al. (1997) reported that horse spleen apoferritin binds hemin to demetallate PPIX and then uses iron released from hemin to remetallate it; demetallation occurs between pH 6.5 and 3.0 and remetallation occurs at more alkaline pH values. No evidence exists for demetallation of heme or hemin by ferritin under physiological conditions. In fact, purified mammalian tissue ferritins retain heme (probably hemin, the oxidized form of heme) on the surface of the ferritin molecule even through harsh purification procedures, such as heat treatment (60-75°C, 10 min) and acid treatment (pH 4.8), and gel filtration (Seki et al., 2008) . The biotin-hemin-binding activity of chicken liver ferritin was significantly higher than that of bovine spleen ferritin, which had the highest biotinylated hemin binding among mammalian ferritins, in agreement with a previous report (Nakai et al., 2011) . Heme-binding pocket is on the 2-fold axis; horse L subunit is suitable for binding heme with amino acids that surround PPIX (Leu24, Tyr28, Leu31, Leu81, and Ser27) and form hydrogen bond with PPIX propionate group (Arg52, Arg59, and Glu56; Précigoux et al., 1994; Crichton et al., 1997) . These amino acids associated with heme binding are conserved in other mammalian L subunits without the influence of amino acid replacement in amino acid character . However, H subunit is unlikely to bind heme because Glu56 is replaced with His with different amino acid character and Arg59 forms with a hydrogen bond with Ser55 (Crichton et al., 1997) . Contrary to this finding, bovine H subunit homopolymer showed higher biotinylated hemin-binding activity than bovine L subunit homopolymer. Additionally, bovine spleen ferritin heteropolymer showed highest heme-binding activity as other mammalian ferritins, and L subunit is likely to cooperate with H subunit in the biotinylated hemin-binding activity (Nakai et al., 2011) . However, chicken ferritin lacks L subunit, and this high biotinylated hemin-binding activity may be attributed to lower heme content on the surface of the chicken liver ferritin molecule than on other mammalian ferritins. Iron removal from holoferritin with reducing reagent causes simultaneous release of heme, probably in the form of hemin (Seki et al., 2008) . The heme (or hemin) removal of chicken liver and bovine spleen ferritins produces a significant increase in biotinylated heminbinding activity compared with the corresponding holoferritin, and the chicken liver apoferritin still showed significantly higher biotin-hemin-binding activity than , and Zn-PPIX on the binding of chicken liver holoferritins (A) and apoferritins (B) to biotinylated hemin. A 100-µL aliquot of biotinylated hemin (20 nM) was added to each well of a plate coated with chicken liver holo-or apoferritins (0.1 pmol/well) with hemin, PPIX, and Zn-PPIX adjusted to final concentrations of 5.4 µM in NaOH, 3.6 µM in HCl, and 12.7 µM in NaOH, respectively (each inhibitor: 1 µM each). Each bar is the mean ± SD of 4 determinations. Binding inhibition (%) was calculated as a ratio of the absorbance at 405 nm against the absence of each inhibitor (% of control). Asterisk indicates P < 0.01, compared with hemin. bovine spleen apoferritin. The chemical treatment of holoferritin to remove iron did not seem effective because the reducing regent was exhaustively dialyzed, and chicken liver holo-and apoferritins showed the same structural conformation on native PAGE. Horse apoferritin binds hemin nonspecifically on the ferritin surface (Kadir et al., 1992) . Although further research is needed to clarify why chicken ferritin has significantly higher biotinylated hemin-binding activity compared with mammalian ferritins, we hypothesize that chicken liver ferritin binds biotinylated hemin at both nonspecific and specific biding sites, which bind biotinylated hemin more strongly.
The binding of chicken liver holo-and apoferritins with biotinylated hemin was found to be iron-dependent because iron-free hemin (PPIX) and Zn-PPIX did not inhibit biotin-hemin-binding compared with hemin, although the binding was weakly inhibited by PPIX and Zn-PPIX, respectively. Horse spleen apoferritin shows a 1:1 PPIX-subunit binding stoichiometry (Crichton et al., 1997) . This contrasting finding can be explained by the lower binding activity of chicken liver ferritin to iron-free hemin (PPIX) or Zn-PPIX than to biotinylated hemin in the presence of biotinylated hemin.
From these results, chicken ferritin showed iron uptake identical to that of mammalian ferritins and stronger heme-binding activity compared with mammalian ferritins. Heme or hemin is involved in ROS-mediated oxidative stress in same mechanism with iron (Sassa, 2004) . Chicken ferritin may protect the heme (hemin)-mediated ROS production as well as iron-catalyzed ROS production. Our results may lead to new insights into the iron metabolism system of avian ferritins.
